This paper presents the experimental and analytical investigation on the thermal fatigue fracture mechanism of Al 18 B 4 O 33 /Mg systems in the temperature range of 150-350 C. Three types of functionally graded Al 18 B 4 O 33 /Mg composites which consisted of 2, 3 and 4 layers and where volume fractions of Al 18 B 4 O 33 were gradually changing from 0 to 35% were fabricated using graded preform and squeeze infiltration process. A simple quenching method of thermal shock test was used to simulate the operating state of the automotive composite cylinder liner system. On the other hand, thermal stress intensity factors in FGMs were obtained by the ANSYS finite element code. Through the study of the microstructure in thermal fatigue test, it was found that the thermally induced cracks appeared in two forms, vertical crack and interfacial crack. By the comparison between numerical and experimental results, the vertical cracks considered to be generated by the mode I stress intensity due to the coupled effect of thermal stress and temperature gradient in FGM systems. The depth of the vertical cracks may correspond to a location of mode I stress intensity being equal to the fracture strength of the FGMs. The interfacial cracks were fatigue cracks which were initiated and extended by thermal loads in mixed I and II mode. Both the mode I and II stress intensities were largely reduced with the number of FGM layer. As the stress intensity decreased, the thermal fatigue resistance of Al 18 B 4 O 33 /Mg system was clearly increased with the number of the layer.
Introduction
Due to the strong demand for weight reduction in vehicles for better fuel efficiency, there have been considerable research interests in the application of Mg alloys to various structural components of automobiles and aircrafts. [1] [2] [3] [4] However, the commercial application of them is severely restricted by poor high temperature strength and creep properties. On the other hand, metal matrix composites (MMCs) reinforced with discontinuous reinforcement (short fiber, whisker or particle) are attractive for applications requiring higher thermal stiffness and strength than monolithic alloys. Recent study shows that the Al 18 B 4 O 33 (9(Al 2 O 3 )Á2(B 2 O 3 ), Alumina Borate Whisker) is good candidate for the reinforcement of Mg-based MMCs because it is chemically stable in magnesium alloys and exhibits good mechanical properties at relatively low cost. 5) In high temperature components of automotive engines which include cylinder liners, piston top ring groove and piston bowl lip, partially reinforced metal matrix composites (MMCs) which produced by melt infiltration technique have been employed for improved performance and extended component life. 6) In these applications, the ceramic preform is normally used to strengthen a portion of the casting, and the rest casting is not reinforced. Then, a boundary is introduced between the MMC and the matrix zones, which is commonly called the macrointerface. [7] [8] [9] In the case of cylinder liners, cylinder bore surface undergoes wear and high temperature environment during operation. Because both the tribological and high temperature properties of the MMCs generally increase with the ceramic volume fraction, [10] [11] [12] it is expected that the introduction of high ceramic volume fraction MMCs in cylinder bore surface is capable of effectively improving performance of the cylinder liner. However, the volume fractions of the reinforcement in the MMCs have been limited by thermal cracking problems due to large thermal stresses induced at the macrointerface by the thermal expansion mismatch between metal and MMC as well as the temperature gradient within the cylinder bore surface and inner region. These stresses reduce thermal fatigue resistance and often provide the source of failure such as thermal shock cracking. 13, 14) To overcome this problem, multi-layered structures, called Functionally Graded Materials (FGMs), can be excellent solution for satisfying both the high performance and thermal fatigue resistance of the component. FGMs are two or multi-phase particulate composites in which material composition and microstructure vary spatially in the macroscopic length scale to meet a desired functional performance. The absence of sharp interfaces in FGM reduces material property mismatch, which can lead to significant improvement in damage resistance and mechanical durability. [15] [16] [17] [18] Many FGMs have been fabricated and reported for various applications. [19] [20] [21] However, there has not been a report about thermal fatigue properties of bulk FGMs which were produced based on the casting process as for as the authors acknowledged.
The 
Experimental Procedure

Materials
The materials used in this investigation were fabricated by a squeeze infiltration method under CO 2 + SF 6 atmosphere. The matrix alloy was commercial AZ31 magnesium alloy (2.5-3.5%Al, 0.45-0.90%Zn, 0.15-0.30%Mn, 0.20%Si, 0.01%Ni and balance Mg), and the reinforcement was Al 18 B 4 O 33 whiskers with a diameter of 0.5-1.0 mm and length of 10-30 mm (Grade M12, Shikoku Chemicals Co., Japan). The models of Al 18 B 4 O 33 /Mg cylinder liner system used are shown in Fig. 1 . They can be characterized as follows:
(1) 2-layered system: direct Mg alloy/35 vol% MMC. -Specimen A ( Fig. 1(a) ), (2) 3-layered FGM system: Mg alloy bonded with 35 vol% MMC through a interlayer of 20 vol% MMC. -Specimen B ( Fig. 1(b) ), and (3) 4-layered FGM system: Mg alloy bonded with 35 vol% MMC through a gradient interlayer consisting of 15 vol% MMC and 25 vol% MMC. -Specimen C (Fig. 1(c) ).
The FGMs were fabricated by the following procedures. First, an organic binder (cation starch), an inorganic binder (silica colloidal) and the Al 18 B 4 O 33 whiskers were added to the distilled water to make slurry. Second, the slurry formed to the rectangle layer of the preform, followed by dewatering in the vacuum suction mold. And the layer was pressed for the control of the porosity. Third, the preform was dried at 200 C for 48 h and sintered at 1000 C for 2 h to prevent deformation during making next layer. Since then, the preform set into the vacuum suction mold again and the slurry was poured onto the preform for making next layer. By the repetition of these processes, the graded preform was fabricated. In squeeze casting, the mold and the preform were preheated at 450 C. The magnesium melt overheated to 750 C was poured and pressed on the preform by 70 MPa, and the pressure was kept at this level for 1 min until the molten metal was completely solidified. The samples were water quenched at room temperature with no delay after fabrication.
Each specimen was machined and ground to rectangle form that had dimension of 10 Ã 20 Ã 20 mm. Two-layered specimen (specimen A) was formed with 10 Ã 20 Ã 10 mm AZ31 alloy and 10 Ã 20 Ã 10 mm 35 vol% MMC, shown in Fig. 1 Figure 2 shows the schematics of thermal fatigue test method. During each cycles, heating of specimens was achieved by electric furnace under the Argon atmosphere for 15 min. And cooling of specimens was achieved by partial quenching of 10 mm of the specimen for controlling the conditions similarly to the actual cooling condition of cylinder block liners until 50 cycles. The cooling time was 10 seconds for each cycle, in water at 25 C. Because this study mainly focused on the thermal fatigue behaviors of automotive cylinder liner system, the temperature range of the thermal fatigue test was selected from 150 to 350 C, as similarly to the operation temperature of cylinder liner. For each experimental condition, three specimens were prepared and tested to ensure correctness of the thermal fatigue test. For the investigations of formation and extension behaviors of thermal fatigue cracks, specimens were observed by optical microscope (OM) in every 5 cycles. To investigate details of the crack morphologies, surface and cross-section of the samples were observed by scanning electron microscope (SEM) before and after the thermal fatigue test.
Thermal fatigue test
Finite element analysis
The level and distribution of the thermal stresses in the adopted models were analyzed using the numerical program ANSYS, which realized the finite element method. The model and mesh on Fig. 1 corresponded to a representative unit cell and finite element mesh of the FGMs. As shown, the calculations concerned 2D plane stress model which meshed with four nodes per each element. Moreover, fine meshes were introduced at the layer interfaces and the boundary regions of the model shown in Fig. 1 . The number of elements and node points was 3,327 and 10,680, respectively. The left body of the mesh corresponded to the plane of symmetry and the displacements of all nodes at the boundary were fixed in the x direction. All other boundaries were free so that, thermally induced bending was permitted during cooling process. In this study, only the macro scale thermal stresses was calculated without an explicit reference to the microstructure of the FGMs. Recently, it has been reported that the recrystallization temperatures of the Mg alloys and MMC were about 150 C, 22, 23) lower than the temperature range of the thermal fatigue test. Therefore, it was assumed that the stress in each element of the models was zero at heating temperature, corresponding to the annealing effect during heating. Another factors (residual stress which induced during fabrication, machining stress, etc.) were ignored, because they were considered to be small after a few heating sequence of the test. The flow chart of the analysis is shown in Fig. 3 . In the chart, t is the time, t f is the end time which designated to the end of each cycle, is the density, C p is the specific heat and k is the thermal conductivity. F and M are thermally induced force and bending momentum vector, respectively. The simulations of the thermal stresses in the adopted models were done by two-step calculation procedures: (i) the temperature gradients within the FGM systems during thermal fatigue test was calculated from 2D heat transfer finite element code, as a form of T-file; and (ii) the thermal stress was computed from the temperature history of the model. The results were obtained from the equilibrium condition (the summation of the average inplane force in all individual element was zero), the strain compatibility at each macrointerfaces and the equilibrium of bending moments.
The mechanical properties used for thermal stress analysis are shown in Table 1 . They were experimentally determined from each layer of the FGMs. Young's modulus and Poisson ratio of each layer were determined by indentation technique, which was suggested by D. Chiocot et al. 24) The thermal expansion coefficient (CTEs) was measured by DIL802 dilatometer (BAHR Thermoanalyse G.M.B.H, Germany). Density of each layer was measured by XS205 density meter (Mettler Toledo, Switzerland). Specific heat and thermal conductivity of each layer were calculated by linear rule of mixture. 25, 26) 3. Results and Discussions
Microstructure and mechanical properties
The general view and details of back-scattered electron images of Specimen A, B and C are shown in Fig. 4 infiltration process. 
Thermal shock cracking and crack molphology
In thermal fatigue test, two types of damages were mainly observed. One was a vertical crack, which had a perpendicular direction to the macrointerfaces of the specimens, at the Al 18 B 4 O 33 rich side of the specimen. Another one was an interfacial cracks, which initiated at the edge, near the macrointerfaces of the specimens. After initiation, the interfacial cracks were propagated along the macrointerface with the number of the cycles. The typical molphologies of the vertical and the interfacial cracks are shown in Fig. 5 . Figure 6 shows the schematic of the vertical cracks. The vertical cracks were observed only in specimen A and B, and were not founded in specimen C. These cracks were formed with vertical direction of the macrointerfaces, at the Al 18 B 4 O 33 rich side surface of the specimens with approximately 50-100 mm width. The initiation of the vertical crack was seen to independent to the number of cycles. It was confirmed that those cracks were introduced within a few cycles ( 15) of thermal fatigue test. Mean vertical crack length was 4.8 mm in specimen A and 3.2 mm in specimen B. The interfacial cracks were initiated when the number of cycles was higher than a critical value. The mean critical number of cycles to initiate the cracks, N c , are shown in Fig. 7 . After initiation, they propagated slowly having narrow width about 5-10 mm with the number of thermal fatigue cycles. All of the interfacial cracks in specimen A were observed in 35 vol% MMC layer, 10-150 mm far away from the macrointerface. Similar aspects were found in specimen B and C. The interfacial cracks in specimen B and C were observed in each 35 vol% MMC layer near the macrointerfaces between the lower volume fraction MMC layers (Fig. 6(b) and (c) ). From the cross-section observation after thermal fatigue test, it was confirmed that the interfacial cracks were surface crack which had 20-40 mm depth from the surface while vertical cracks were penetrated through the thickness direction of the specimens. Figure 8 shows the typical distributions of thermal stresses in Al 18 B 4 O 33 /Mg FGM which obtained by finite element models of Fig. 1 . It was shown that the thermal stresses decreased with the number of layer and the tensile stress in the center part of the ceramic rich side surface exhibited maximum values at the end of the cooling sequence. Because of the high elastic modulus of the 35 vol% MMCs, the magnitude of stress in specimen C near the macrointerface between 25 and 35 vol% MMC was close to the value near AZ31/15 vol% MMC interface ( Fig. 8(a) ); despite that the difference of CTE between 25% and 35 vol% MMCs was considerably lower than the value between AZ31 alloy and 15% MMC. On the other hand, the fracture strength of the ceramic/metal composite generally decreased with the ceramic volume fraction. [27] [28] [29] For these reasons, the interfacial cracks in specimen C seemed to be generated in 35 vol%MMC where the fracture strength was expected to be the lowest, in spite that the difference in CTE was highest between AZ31 alloy and 15% MMC.
3.3 Effect of heating temperature on thermal fatigue damage The temperature drop, ÁT (T h À T c ), through specimen thickness in FGM systems was an important parameter to analyze failure mechanism such as the vertical crack and the interfacial crack, [30] [31] [32] where T h and T c indicated heating temperature of the ceramic rich side surface and cooling temperature of monolithic metal side. Because the cooling temperature, T c , was fixed (25 C) in this study, heating temperature (T h ) was expected to the main parameter which influence the formations of the vertical cracks in Al 18 B 4 O 33 / Mg FGMs. Table 2 shows the relation between heating Table 2 , the heating temperature (T h ) at which the vertical cracks took place was clearly increased with the number of FGM layers. On the other hand, the result of Fig. 7 shows that the critical thermal fatigue number of cycles to initiate interfacial crack was also increased with the number of FGM layer. These results indicated that the introduction of layers in FGM systems was effective to prevent both the vertical and interfacial cracks during thermal fatigue test. Therefore, it was reasonable to conclude that the thermal fatigue behaviors of the Al 18 B 4 O 33 /Mg systems were significantly improved by increasing the number of FGM layers.
Thermal stresses and stress intensity factors in FGMs
The formation and extension of cracks were closely associated with the thermal stress field in FGMs during heating and cooling in thermal fatigue test. In recent study, Kawasaki et al. 31) pointed out that thermal stresses in the center part of the ceramic rich side surface during cooling sequence are tensile and their values decrease in inverse proportion to the distance outwards of the specimen. They stated that the tensile stresses on the surface caused vertical crack if the mode I stress intensity, K I , was large enough to exceed the fracture strength of the ceramic rich side surface of FGMs. 31, 33) It has been also reported that the formations of the interfacial cracks were closely related to the mode I and II stress intensity, K I and K II , which induced by bending momentum M and load P. 30 ,32,34) Figure 9 shows a schematic illustration of the system geometry to solve the stress intensity factors for vertical and interfacial cracking in FGM systems, with the aid of the basic ideas of Kawasaki et al. 31) When the vertical cracks were small enough that the component compliance was unaffected by the cracks, the mode I stress intensity factor, K I , for the crack propagating into the stress field ðxÞ, was given by 35) 
where d was the crack length, Fðx=dÞ was a weight function and L was the depth from the surface where the tensile stress existed. In the case of the interfacial cracks in Fig. 9(b) , the stress intensities K I and K II for the short crack could be obtained from the surface stresses, as 36) K I % 1:12 yy ffiffiffiffiffi ffi a p ð3Þ
Figure 10(a) shows the mode I stress intensity factor, K I , which obtained by the finite element models of Fig. 1 and eq. (1), as a function of crack length, d, for the vertical crack. The stress intensity factors were normalized by 0 L 1=2 , where 0 was the mean stress in the surface layer whose depth was L. The normalized stress intensity factor decreased as the crack extended into the specimen and the L value was slightly decreased with the number of layer. The actual vertical crack length in specimen A and B were also plotted and the measured crack length was about 3/2 of the L. Figure 10(b) shows the relation between K I and heating temperature of thermal fatigue test, where the thermal fatigue test results of vertical crack formation was also plotted. The mode I stress intensity in FGMs clearly decreased with the number of layer. As the heating temperature increased, the K I stress intensity was increased. And it was also shown that the formations of vertical cracks were hindered when the mode I stress intensity was lower than a certain value around 43 MPam 1=2 . The results indicated that both the formation and growth of vertical cracks were mainly controlled by the mode I stress intensity. Figure 11 shows the surface stresses of yy and yx near the interfacial crack tip as a function of heating temperature. As shown in eq. (3) and (4), the trends of mode I and II stress intensity for the interfacial crack were expected to be proportioned to the value of yy and yx . The results revealed that the formation of interfacial cracks was closely related to the mixed mode of K I and K II . Similarly to the vertical cracks, it was expected that the mode I and II stress intensity for interfacial cracks were increased with the heating temperature, and both the K I and K II were fairly reduced as the number of layer increased. These features corresponded well to the actual interfacial crack behaviors.
On the basis of the above discussion, a mechanism for the vertical crack formation was proposed as follows. During heating, relaxation of residual stress in FGMs taken place when the temperature of the sample was above the recrystallization temperatures of the Mg alloy and the MMCs (150 C). During cooling, the ceramic rich side surfaces of FGM samples were in the large bi-axial tensile stress state by the coupled effect of thermal stress and temperature gradient. If the magnitude of tensile stress was large enough to exceed the fracture strength of the 35 vol% MMC layer, the formation of vertical crack would be activated. In this situation, cracks could be instantly initiated and extended rapidly by the stress until K IC ¼ K I condition within a few cooling cycles. In contrast to the case of the vertical crack, the mean critical numbers to initiate the interfacial crack increased with the decrease of the applied thermal load. This relation was similar to that of the fatigue behavior of metallic materials, which was well known as S-N curve. This relation reflected that the interfacial crack was fatigue crack which grew during heating and cooling, due to the cyclic thermal load in mixed I and II mode.
Conclusions
In this study, sound Al 18 B 4 O 33 /Mg FGMs consisting of 2, 3 and 4 layers were successfully fabricated using the graded preforms and the squeeze infiltration method. The thermal fatigue behavior of the FGM samples were evaluated by simple quenching test, which was controlled to simulate to the operating state of the automotive cylinder liner system. During the thermal fatigue test, the main damage was observed in two forms: the vertical crack and the interfacial crack. The vertical crack was located at the center part on the Al 18 B 4 O 33 rich side of the sample, and the interfacial crack was located near the interfaces between the layers.
To investigate thermal fatigue fracture mechanics, finite element analysis was carried out. From the analytical results, the vertical crack was formed and grew while the mode I stress intensity exceeded the failure threshold stress of the studied Al 18 B 4 O 33 systems. On the other hand, the formation of interfacial crack was closely related to the mixed mode I and II stress. Both theoretical analysis and experimental observation revealed that the thermal fatigue behaviors of the Al 18 B 4 O 33 /Mg systems were significantly improved by increasing the number of FGM layers, which was effective to prevent both the vertical and interfacial cracks. (a) normal stress, yy for mode I stress intensity and (b) shear stress, yx for mode II stress intensity factor.
